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A series of frameshift, deletion, and inversion mutations were made in the coat protein (CP) gene of the icosahedral 
cucumber necrosis tombusvirus (CNV) to investigate the role of the CP protruding (P) domain in the production of virus 
particles and, also, to investigate the basis for the accumulation of CP deletion derivatives previously reported in plants 
inoculated with PD(-), a P-domainless CNV CP mutant. P-domainless coat protein subunit could be detected in extracts of 
CP mutant-infected plants; however, virus-like particles could not, suggesting that the'P domain is essential for tombusvirus 
particle assembly and/or stability. In addition, each of the P-domain mutants analyzed invariably produced coat protein 
deletion derivatives in infected plants whereas shell domain mutants rarely produced eletion derivatives. Finally, P-domain 
inversion and deletion mutants accumulated eletion derivatives very rapidly in comparison to P-domain frameshift mutants. 
Protoplast studies show that PD(-) RNA inoculum does not undergo further deletion in infected protoplasts, suggesting 
that PD(-) CP deletion derivatives preferentially accumulate in plants because they have a greater capacity for cell-to-cell 
movement. © 1995 Academic Press, Inc. 
INTRODUCTION 
Cucumber necrosis virus (CNV), a member of the tom- 
busvirus group, is a 30-nm icosahedral virus which en- 
capsidates a monopartite, messenger-sense RNA ge- 
nome of approximately 4.7 kb. The genome contains 
open reading frames (ORFs) for five proteins (p33, p92, 
p41, p21, p20; Rochon and Tremaine, 1989) and a possi- 
ble sixth one (pX; Boyko and Karasev, 1992; D. Rochon, 
unpublished observations), p92 is the putative polymer- 
ase, p41 is the coat protein (CP), and p21 is the putative 
cell-to-cell movement protein (Rochon and Tremaine, 
1989; Rochon and Johnston, 1991), while the p20 protein 
has been suggested to play an accessory role in viral 
RNA replication (Rochon, 1991). The CNV CP is encoded 
on an internally located ORF and is expressed from a 
2.1-kb subgenomic mRNA (sg RNA; Johnston and Ro- 
chon, 1990). A 0.9-kb bifunctional sg RNA serves as tem- 
plate for p21 and p20 synthesis (Rochon and Johnston, 
1991). 
It has been demonstrated that CP is not required for 
cell-to-cell movement or systemic spread of CNV in Nico- 
dana clevelandii (McLean et al., 1993) or for another tom- 
busvirus, the cherry strain of tomato bushy stunt (TBSV- 
Oh) in IV. clevelandii and IV. benthamiana (Scholthof et 
~To whom correspondence and reprint requests should be ad- 
dressed. Fax, (604)666-4994. 
al., 1993). However, CP mutants of the tombusvirus cym- 
bidium ringspot are restricted in systemic movement in 
N. clevelandii but not in N. benthamiana, suggesting that 
the form in which tombusviruses move over long dis- 
tances may depend on the host plant species (Dalmay 
etaL, 1993). Coat protein has been shown to be dispens- 
able for other aspects of the tombusvirus replicative cy- 
cle, including viral RNA replication, induction of necrotic 
symptoms, and the generation of sg RNAs (Scholthof et 
al., 1993, McLean etaL, 1993, DalmayetaL,  1993). How- 
ever, the CNV CP has been shown to contain determi- 
nants for the specificity of transmission by zoospores of 
the fungus Olpidium bomovanus (McLean et aL, 1994). 
The three-dimensional structure of the particle and 
constituent CP subunits of the tombusvirus tomato bushy 
stunt (TBSV) has been determined at 2.9 #, resolution 
(Harrison etaL, 1978). The particle consists of 180 identi- 
cal 41-kDa CP subunits arranged as a T = 3 icosahedron. 
Each subunit folds into three distinct domains, (i) an 
amino-terminal, inward facing, highly basic RNA binding 
(R) domain, (ii) a tightly bonded shell (S) domain, and (iii) 
a carboxy-terminal, outward facing protruding (P) do- 
main. The R and S domains are connected by an arm 
while the S and P domains are connected by a short five 
amino acid hinge. The P domain of one subunit interacts 
with that of an adjacent subunit forming 90 dimers which 
project from the surface of the particle. Although P do- 
mains appear to "clamp" dimers of the TBSV subunit, 
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their significance in stabilizing the assembled particle 
is not clear especially since other structurally similar 
spherical particles lack a P domain (see Harrison, 1983). 
Alignment of the CP sequences of a number of different 
tombusviruses, including CNV, has shown that the P do- 
main is the most highly divergent of the three major CP 
domains (Riviere et al., 1989; Hearne et al., t990). 
The P domain is a structural feature unique to the 
tombus-, carmo-, and dianthovirus groups. The role that 
the P domain plays in particle stability and/or formation 
or its possible specific role in the biology of infection by 
these three virus groups has been largely unexplored. 
In the case of the related carmovirus, turnip crinkle, fail- 
ure to produce the P-domain results in the inability to 
move systemically, but not locally, in infected plants prob- 
ably due to a lack of virion formation (Hacker et al., 1992). 
In the case of red clover necrotic mosaic dianthovirus 
even a minor six amino acid deletion at the carboxy- 
terminus of the CP P domain resulted in the inability to 
form OP or virions in infected plants and this conse- 
quently affected systemic movement in some hosts un- 
der certain environmental conditions (Xiong et al., 1993). 
In a previous paper (McLean et al., t993), a CNV CP 
deletion mutant was described which lacks the majority 
of the coding sequence for the CNV P domain [PD(-)]. 
Virus-like particles were not detected in PD(-) infections; 
however, PD(-) RNA retained the capacity to move from 
cell-to-cell and systemically in N. clevelandii. Interest- 
ingly, full-length PD(-) viral RNA was rarely detected in 
infected plants; instead, a further deleted form of the 
genome, CP(-), which lacks all but 74 nucleotides of the 
1140 nucleotide CP ORF, rapidly accumulated. In this 
paper, we have constructed several additional CNV CP 
mutants with the objective of determining if P-domainless 
particles can be produced in infected plants and, also, 
to investigate the basis for the selective accumulation of 
CP deletion derivatives in CP mutant-infected plants. 
MATERIALS AND METHODS 
Construction of coat protein mutants 
De/etions/inversions. Coat protein mutant constructs 
are illustrated in Fig. 1. Cloning steps were performed 
according to Sambrook et aL (1989). The construction 
of CNV mutant XpK2/M5, from clones p14XpK2/M5 and 
p13XpK2/M5 to introduce Xhol restriction sites at the 
borders of the P domain (CNV nucleotides 3417 and 
3733, respectively), was described previously (McLean 
etaL, 1993). The generation of PD(-), which contains a 
deletion of the P domain between the Xhol sites, from 
XpK2/M5 was described previously (McLean etaL, 1993). 
0PPx was generated by Xhol digestion of XpK2/M5 fol- 
lowed by religation to generate an inversion of the Xhol 
fragment. The double mutant AVPD1 was generated by 
digestion of mutant AVK2 (see below) with EcoRI and 
Bglll (nucleotides 2156 to 3383) followed by isolation of 
the fragment and ligation to EcoRI/Bglll cleaved PD(-). 
Deletion mutant ABX2 was generated by double diges- 
tion of XpK2/M5 with Bglll (nucleotide 3383) and Xhol 
(nucleotides 3417 and 3733). The ends were then filled 
with the large fragment of Escherichia col~ DNA polymer- 
ase I and dNTPs (i.e., Klenow treatment) and the plasmid 
recircularized with ligase. Mutant AN3 was produced by 
digestion of the wild-type full-length CNV cDNA clone 
(pK2/MS; Rochon and Johnston, 1991) with Bglll and Ncol 
(nucleotides 3383 to 3830) and isolation of the resulting 
small Bglll/Ncol fragment. This fragment was then di- 
gested with Ndel (nucleotides 3536 and 3647) followed 
by reisolation of the Bgll I -Ndel and NdeI-Ncol  frag- 
ments and rel{gation into pK2/M5 digested with Bglll/ 
Ncol. The S-domain deletion mutant AAB2 was gener- 
ated by digestion of an EcoRI/Kpnl subclone of the CNV 
capsid sequence (pCNVCP; CNV nucleotides 2156 to 
3908 in plasmid pBS II KS+; Stratagene) with Avrll and 
Bglll (CNV nucleotides 2880 and 3383, respectively). The 
ends were filled with Klenow and religated. The resulting 
CP subclone was cleaved with EcoRI and Ncol and the 
deleted insert was ligated into EcoRI/Ncol-digested pK2/ 
M5 to produce mutant AAB2. Deletion mutant BGM2 was 
generated by digestion of pK2/M5 at the unique Bglll site 
(nucleotide 3383)followed by treatment with mung bean 
nuclease and recircularization. Sequence analysis of a 
resulting clone revealed a 12 nucleotide deletion produc- 
ing an in-frame deletion of four amino acids in the S 
domain. 
Frameshifts. Mutants AVK2 and HK1 were generated 
from subclone pCNVCP by digestion with either Avrll or 
Hindlll (nucleotides 2880 and 3234, respectively) fol- 
lowed by Klenow treatment of the ends and religation. 
The resultant subclones were both digested with EcoRI 
and Bglll (nucleotides 2156 and 3383) and ligated into 
EcoRI/Bglll digested pK2/M5 to produce mutants AVK2 
and HK1, respectively. Mutants BGM6 and BGK6 were 
produced by digestion of pK2/M5 at the unique Bglll 
site (nucleotide 3383) followed by mung bean nuclease 
(BGM2) or Klenow (BGK6) treatment and subsequent cir- 
cularization with ligase. The first steps in the generation 
of mutants NM2 and NK3 were the digestion of clone 
p14XpK2/M5 (a pK2/M5 subclone with an introduced 
Xhol site at nucleotide 3417; see McLean et aL, 1993) 
with Xhol followed by mung bean nuclease (NM2) or 
Klenow (NK3) treatment and subsequent religation. 
These subclones were then double-digested with Bglll 
and Ncol (nucleotides 3383 and 3830, respectively) and 
ligated into Bglll/Ncol cleaved pK2/M5 to give mutants 
NM2 and NK3. Mutants CM1 and CK2 were produced 
from clone p13XpK2/M5 (a pK2/M5 subclone with an in- 
troduced Xhol site at CNV nucleotide 3733; see McLean 
et al., 1993) by digestion with Xhol followed by mung 
bean nuclease treatment (CM1) or filling with Klenow 
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(CK2) and religation. The resulting subclones were each 
double-digested with Bglll and Ncol (nucleotides 3383 
and 3830, respectively) and ligated into Bglll/Ncol- 
cleaved pK2/M5 to give mutants CM1 and CK2. The struc- 
ture of all deletion and frameshift mutants was confirmed 
by restriction enzyme analysis and dideoxynucleotide se- 
quencing and is summarized in Fig. 1, 
In vitro transcription and plant inoculation 
Uncapped T7 RNA polymerase (BRL)run-off tran- 
scripts of each CP mutant were synthesized as described 
by Rochon and Johnston (1991). Approximately 5 /~g of 
RNA transcripts in a 100/~1 volume was combined with 
10 #1 of 0.1 M sodium phosphate buffer, pH 7.0, and 
used to rub inoculate four leaves of a N. clevelandii plant 
dusted with Carborundum. Typically, one trial consisted 
of the inoculation of four plants per mutant. 
For serial passage, transcript inoculated leaves were 
harvested 4-6 days postinoculation, ground with a mor- 
tar and pestle in 10 mM potassium phosphate buffer, 
pH 7.0, and rub-inoculated onto Carborundum dusted 
healthy N. clevelandii. 
Analysis of total leaf RNA extracts 
Total RNA was extracted from inoculated as well as 
systemically infected N. clevelandii leaves as described 
by Rochon and Johnston (1991). Typically, unfractionated 
total leaf RNA obtained from a single leaf was dissolved 
in 100 #1 distilled H20 and 2 #1 (ca. 2 #g) was electropho- 
resed through a nondenaturing 1% agarose gel in 1X 
TBE buffer (0.1 M Tris, 0.1 M boric acid, 2 mM EDTA, 
pH 8.3). 
Cloning and sequencing of viral RNA deletion 
derivatives 
Mutant viral RNAs were reverse transcribed and ampli- 
fied by the polymerase chain reaction (RT-PCR) essen- 
tially as described by Sambrook eta/. (1989) utilizing PCR 
conditions and primers previously described by McLean 
eta/. (1993). Primers were designed to amplify se- 
quences adjacent to and within the CP open reading 
frame from 181 nucleotides upstream to 133 nucleotides 
downstream of the start and stop codons of the capsid 
protein ORF. Amplified cDNA sequences were cloned 
directly into a dT-taiied plasmid (pT7Blue T-Vector; Nova- 
gen). Double-stranded plasmids containing cDNA inserts 
were sequenced using Sequenase as described by 
Hsiao (1991). 
Protoplasts 
N. clevelandii protoplasts were prepared and 
transfected as previously described (Dalmay eta/., 1993) 
with the following modifications. The leaves of axenically 
grown plants were sliced and incubated in enzyme mix 
containing 40 mg/ml Cellulase and 4 mg/ml Macerozyme 
(Yakult Honsha Co.) at 26 ° in the dark for 12 hr. The 
protoplasts were collected by centrifugation and sucrose 
flotation (Jones et aL, 1990) and resuspended in 200 #1 
of 10% mannitol. Five micrograms of synthetic RNA tran- 
script in 100 /~1 of 10% mannitol was added to 6 X 10 ~ 
protoplasts followed by the addition of 300 ffl of 40% (w/ 
v) polyethylene glycol 3350 (Sigma). Three milliliters of 
10% mannitol was then rapidly added, and the proto- 
plasts were incubated on ice for 15 min, pelleted, and 
resuspended in 1 ml of incubation medium containing 
100 #1 Aoki salts (Aoki and Takebe, 1969). Total proto- 
plast RNA was extracted as for leaf RNA. RNA was 
treated with. 5 mM methyl mercuric hydroxide, electro- 
phoresed through a 1% agarose gel, and blotted onto 
Zeta-Probe GT membranes (Bio-Rad) under alkaline con- 
ditions (Vrati eta/., 1987). The probe was nick-translated 
in the presence of [a-32p]dATP and corresponded to ap- 
proximately 1 kb at the CNV 3' terminus. Hybridization 
was conducted at 65 ° for 18 hr in 0.5 M sodium phos- 
phate buffer, pH 7.2, containing 7% SDS. Blots were 
washed for 30 min at 65 ° in 20 mM sodium phosphate 
buffer/5% SDS, pH 7.2, followed by a second wash under 
the same conditions except using only 1% SDS. 
Primer extension analysis 
Primer extension analysis was conducted as pre- 
viously described (Rochon and Johnston, 1991) using an 
oligonucleotide primer located downstream from the p20 
AUG start codon and corresponding to the complement 
of CNV nucleotides 3854-3869 (5'TG-FI-CCCTAGCG- 
TCGC3'). Total leaf RNA was extracted from CP(-)-in- 
fected leaves as described above and RNA ca. 700-1200 
nucteotides in length was purified from agarose gels 
using RNaid (Biol01, Inc.) 
Monoclonal antibody production 
A monoclonal antibody specific to the CNV S domain 
was prepared against a pGEX glutathione S-transferase 
(GST) fusion protein (Frison, 1993) as follows. A 254 nu- 
cleotide Sspl/BstEII fragment corresponding to CNV nu- 
cleotides 3045-3298 was treated with mung bean 
nuclease and inserted into the Smal site of pGEX-3X. 
Fusion protein was produced in E. cod Jpal01 cells and 
purified from sonicated cells using affinity chromatogra- 
phy and glutathione-agarose beads (Sigma) as de- 
scribed by Smith and Johnson (1988). Immunization with 
the fusion peptide was carried out using four subcutane- 
ous injections of 50/~g of the fusion protein, mixed with 
an equal volume of Freund's incomplete adjuvant. The 
fusion protocol was essentially as described (Kohler and 
Milstein, 1975; Westerwoudt, 1985; Harlow and Lane, 
1988; Wieczorek and Sanfacon, 1993). After fusion, the 
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cells were plated into five 96-well sterile tissue culture 
plates (Nunc, Gibco), 100 #1 per well in selective media 
(Dulbecco's modified Eagle's media; Gibco) containing 4 
x 10 -7 M aminopterin, 7.5 x 10 _3 M adenine, 1.6 X 10 -~ 
M thymidine, 1 X 10 -4 M hypoxanthine, and 20% fetal 
calf serum. Culture fluids from hybridomas were initially 
tested by ELISA against both fusion protein and purified 
GST. Monoclonal antibodies which reacted with the fu- 
sion protein but not with GST were further tested for their 
ability to bind CNV CP subunit by Western blot analysis 
(see below). One such monoclonal antibody, FP5 5C5, 
was used to detect CNV CP in infected leaf extracts. This 
monoclonal antibody was subsequently found to also 
react with a host protein of ca. 44 kDa. 
Western blot analysis 
A single transcript-inoculated leaf (ca. 0.1 g) was 
ground in liquid nitrogen and approximately half of the 
ground material was mixed with 200/~1 of 2X Laemmli 
sample buffer and boiled for 10 min. Ten microliters of 
each sample was electrophoresed through a 12.5% acryl- 
amide gel containing SDS (Laemmli, 1970), The protein 
was blotted onto Immobilon (Millipore) using a Bio-Rad 
mini blotter. The membranes were blocked using 2% 
Blotto (Johnson etal., 1984) in PBS and incubated for 1 hr 
at room temperature in a 500-fold dilution of monoclonal 
antibody in PBS. The membrane was washed three times 
in PBS and then incubated with goat anti-mouse IgG 
conjugated with alkaline phosphatase (Sigma). After 
washing as above, immunoreactive protein was detected 
using p-nitroblue tetrazolium chloride and 5-bromo-4- 
ehloro-3-indofyl phosphate (BRL) as recommended by 
the supplier. 
Electron microscopy 
Grids were floated on leaf extracts previously ground 
in PBS and negatively stained with 2% uranyl acetate. 
Particles were viewed at 60,000x magnification using a 
Hitachi H7000 transmission electron microscope. 
RESULTS 
A schematic diagram of the CNV CP frameshift and 
deletion mutants used in this study is shown in Fig. 1. T7 
RNA polymerase runoff transcripts of each of the mutants 
were prepared and used to inoculate leaves of IV. c/eve- 
bndii, a systemic host of CNV. Infected leaves were then 
analyzed for symptom formation, the presence of virus 
particles and CP, and the production of deletion deriva- 
tives of the input inoculum. The results of these analyses 
are outlined in Table 1 and Fig. 1 and are summarized 
below. 
Symptomatology 
Synthetic transcripts of each CP mutant shown in Fig. 
1 were highly infectious upon inoculation of IV. clevelandii 
and resulted in the production of necrotic lesions on 
inoculated leaves. Each mutant was capable of moving 
systemically; however, as with PD(-), the rate of sys- 
temic movement in transcript-inoculated plants was al- 
ways considerably delayed (2-5 weeks) in comparison 
to that observed with wild-type transcripts (5-8 days). 
In addition, systemically infected leaves of CP mutant- 
infected plants always showed "oak leaf" necrosis (see 
McLean et al., 1993) rather than the basal necrosis typi- 
cal of wild-type-infected plants. Leaves inoculated with 
transcripts of-AVPE)I, z&BX2, and OPP× were character- 
ized by small necrotic lesions similar to those previously 
reported for PD(-) (McLean et al., 1993), whereas the 
remaining CP mutants produced lesions the same size 
as W-i- RNA transcripts. 
Particle formation/stability 
P-domainless virus particles could not be detected in 
IV. ctevelandii plants infected with PD(-) which may be 
related to the observation that PD(-) RNA undergoes 
further deletion in the CP coding sequence in planta 
(McLean et al., 1993) rather than the inability of P-do- 
mainless protein to assemble into virus particles. We 
examined leaf extracts of plants infected with several P- 
domain frameshift and deletion mutants (see Table 1) for 
the presence of virus or virus-like particles using electron 
microscopy. A large number of viral particles were readily 
observed in wild-type-infected leaf extracts; however, 
particles were not observed for any of the mutants exam- 
/ned including both CK2 and CM1 which lack only 12 
amino acids at the carboxy-terminus of the CP P domain 
(data not shown). 
Western blot analysis using a monoclonal antibody 
raised to the CNV S domain was used to assess the 
possibility that the lack of particle formation observed for 
CNV P-domain mutants is due to instability of expressed, 
mutated CP. Figure 2 shows that CP of the expected size 
could be detected for several CNV CP mutants including 
PD(-) and two of the other P-domain mutants, NM2 and 
CK2. Therefore, the inability to detect particles in NM2- 
and CK2-infected plants may be related to the inability 
of coat protein to assemble into particles or to remain 
aggregated once assembled. In addition, the levels of 
CP produced by these two mutants were lower, sug- 
gesting that these mutant proteins are possibly less sta- 
ble. Coat protein was not detected in leaf extracts of 
NK3- or CMl-infected plants, suggesting that the CP of 
these mutants may not be sufficiently stable to enable 
particle formation if it could occur. 
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FIG. 1. Structure of CNV CP mutants. The upper portion of the diagram shows the structure of the CNV genome. The sizes of proteins produced 
from each ORF (open rectangles) are indicated in kDa. The p92 product is produced by readthrough of the p33 open reading frame. The relative 
sizes and locations of the three major CP domains (R, S, and P) and connecting arm (a) and hinge (h) of pK2/M5 (wild-type CNV cDNA clone lacking 
the two P-domain Xhol sites or XpK2/M5 which contains the two Xhol sites) are shown by the open rectangles. Restriction enzyme sites used for 
the mutagenesis and cloning steps are indicated with single letters above the CP ORF where A, Avrll; B, Bglll; H, Hindlll; N, Ndel; and X, Xhol. The 
open rectangles in the remaining mutants correspond to the portions of the CP ORF retained in the mutant whereas the shaded rectangles 
correspond to translated regions of the CP ORF which are a result of a frameshift. The horizontal lines correspond to untranslated CNV CP ORF 
nucleotide sequences. For clone OPPx, the dashed line represents a sequence inversion between theXhol sites. The A symbol in BGM2 corresponds 
to a four amino acid in-frame deletion at the Bglll site. 
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TABLE 1 
SUMMARY OF PROPERTIES OF CNV CP DELETION AND FRAMESHIFT MUTANTS 
43 
Symptoms Deletions a
Rate of Transcript First 
Lesion systemic inoculated Systemic passage 
Clone phenotype b movement ° Particles d leaf e leaf ~ leaf e 
WT WT WT + 0/12 (0) 0/2 (0) 0/2 (0) 
XpK2/M5 WT VVT + -- g -- ~ -- g 
AVK2 WT O ND 0/10 (0) ND 1/6 (17) 
HK1 WT D ND 0/4 (0) 0/1 (0) 0/4 (0) 
BGK6 WT D - 0/7 (0) 0/7 (0) 0/1 (0) 
BGM6 WT D ND 0/4 (0) 0/4 (0) ND 
BGM2 WT D ND 1/4 (25) h 0/4 (0) h ND 
/',AB2 WT D ND 0/4 (0) 1/2 (50) 1/4 (25) 
PD(-) SM D - 12~'12 (100) 1/1 (100) 3/3 (100) 
AVPD1 SM D - 4/4 (100) ND 4/4 (100) 
ABX2 SM D - 3/4 (75) ND 3/3 (100) 
0PP× SM D ND 2/2 (1"00) 2/2 (100) 1/1 (100) 
NK3 WT D - 1/6 (17) 2/2 (100) 1/1 (100) 
NM2 WT D - 1/6 (17) 3/5 (60) 0/1 (0) 
AN3 WT D - 2/9 (22) 3/5 (60) 2/4 (50) 
OK2 WT D - 1/6 (17) 2/3 (67) 1/1 (100) 
CM1 WT D - 2/7 (29) 2/4 (50) 0/1 (0) 
OP(-) WT D - 0/13 (0) ND ND 
Reported as the number of plants shown to contain deletions/number of plants examined. The percentage of plants showing deletions is shown 
in parentheses. 
b Lesion phenotype is described as wild type (WT) or smaller than wild type (SM) in size. 
° Rate of systemic movement is described as wild type (WT) (5-8 days) or delayed (D) (2-5 weeks). 
~Particles present (+) or not observed (-) under EM. ND, not determined. 
eTotal eaf RNA extracted 4-6 days postinoculation. 
~Total leaf RNA extracted 2-5 weeks postinoculation. 
~See McLean et al. (1993). 
h Deleted RNA genome observed on transcript-inoculated leaf but not on systemically infected leaf from same plant. 
Accumulation of CP delet ion derivatives in infected 
plants 
Plants inoculated with each of the CP mutants de- 
scribed in Fig. 1 were analyzed for the presence of dele- 
tion derivatives by agarose gel electrophoresis of total 
RNA extracted from transcript-inoculated leaves, system- 
ically infected leaves of a transcript-inoculated plant, or 
sap-inoculated leaves (first passage). Figure 3 shows an 
ethidium bromide-stained agarose gel of representative 
leaf RNA extracts and Table 1 summarizes the data from 
several independent inoculations. It can be seen that 
plants inoculated with S-domain frameshift or deletion 
mutants (AVK2, HK1, BGK6, BGM6, BGM2, and /XAB2) 
rarely accumulated deletion derivatives (deletion deriva- 
tives were only observed in 4 of 66 leaf samples tested), 
whereas plants inoculated with P-domain mutants 
[PD(-), AVPD1, A, BX2, OPPx, NK3, NM2, A, N3, OK2, and 
0M1] invariably accumulated deletion derivatives. More- 
over, it can be seen that deletion derivatives of P-domain 
mutants containing a large deletion or inversion of the 
P-domain sequence [PD(-),  AVPD1, z~BX2, and OPPx] 
were almost always detected in transcript-inoculated 
leaves (4 -6  days postinoculation), whereas deletion de- 
rivatives of P-domain frameshift mutants (NK3, NM2, OK2, 
and CM1) or the small deletion mutant (AN3) accumu- 
lated less readily, sometimes appearing on transcript- 
inoculated leaves but more often on systemically infected 
leaves or leaves of sap-inoculated plants. Repeated inoc- 
ulations with the P-domain deletion and inversion mu- 
tants showed that PD(- )  and OPPx transcript-inoculated 
leaves consistently and rapidly accumulated high levels 
of the shortest deletion derivatives, whereas AVPD1 and 
ABX2 transcript-inoculated leaves still contained a spec- 
trum of deletion derivatives and some apparent full- 
length mutant RNA (Fig. 3). 
The PCR was used to confirm that the deletion deriva- 
tives observed in selected P-domain mutant-inoculated 
plants correspond to removal of CP sequences as was 
previously shown for PD(-)  deletion derivatives (McLean 
et  al., 1993). Two ol igonucleotides which correspond to 
regions flanking the coat protein ORF were used to am- 
plify cDNA synthesized from RNA extracts of /kN3- or 
NM2-infected leaf tissue. The PCR products were then 
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FiG. 2. Western blot analysis of CP expresse d in mutantqnfected 
plants. Total leaf extracts from plants inoculated with the indicated CP 
mutants were prepared, electrophoresed, an  blotted as described 
under Materials and Methods. The blot was probed with a monoclonal 
antibody raised to the CNV S domain (FP5 5C5). The arrow on the right 
corresponds to the size of WT CNV CP and the numbers correspond 
to the sizes in kDa of the molecular weight standards. The dotson the 
left indicate host proteins which react to the monoclonal antibody. 
Mutant OPs are indicated by asterisks. The expected sizes of the mu- 
tant CPs are as follows= ABX2, 30 kDa; BGK6, 29 kDa; NK3, 30 kDa; 
NM2, 37 kDa; OK2, 40 kDa; CM1, 41 kDa; and PD(-), 31 kDa. 
cloned and sequenced. Figure 4 summarizes the struc- 
ture of AN3 and NM2 deletion derivatives and compares 
these structures with the previously described CP( - )  de- 
letion derivative which arises in PD(-)  infections 
(McLean etaL, 1993). The sizes of PCR products obtained 
from AN3- and NM2-infected leaves correspond to CP 
deletions of 1027 and 1148 nucleotides, respectively, 
which fully accounts for the reduction in size of the origi- 
nal AN3 or NM2 inoculum. It can be seen that the dele- 
tion derivatives differ from each other in the exact sizes 
and locations of the deleted sequences, but in each case 
a very large portion of the CP coding region has been 
removed. 
PD{-)  delet ion derivatives do not accumulate in 
inoculated protoplasts 
As described above, each of the P-domain inversion 
and large deletion mutants rapidly accumulate high lev- 
els of coat protein deletion derivatives in infected plants. 
In addition, each of these mutants also shows a small 
lesion phenotype in transcript-inoculated plants which is 
replaced by wild-type-sized lesions upon subsequent 
sap transmission (McLean et aL, 1993; results not 
shown). To determine if the selective accumulation of 
PD(-)  deletion derivatives is due to the greater capacity 
of the deletion derivatives to replicate and/or to spread 
in infected plants, N. clevelandii protoplasts were inocu- 
lated with WT, PD(-),  or CP( - )  transcripts. Figure 5A 
shows that PD(-)  RNA does not further delete upon repli- 
cation in protoplasts up to 48 hr postinfection, suggesting 
that the accumulation of PD(-)  deletion derivatives in 
plants is due to selection of molecules which move from 
cell-to-cell more efficiently rather than for molecules 
which replicate more efficiently. In addition, Fig. 5A 
shows that the level of accumulation of PD(-)  RNA in 
protoplasts is similar to that of WT and CP( - )  RNAs, 
reinforcing the conclusion that PD(-)  deletion derivatives 
do not selectively accumulate due to an inherent higher 
capacity for RNA replication. 
The levels of p21/p20 sg RNA are not signif icantly 
altered in PD( - ) in fec t ions  
The above-described results suggest that the large 
deletion/inversion in the P domain may have a negative 
influence on CNV cell-to-cell movement and that the ba- 
sis for the selection of the CP( - )  deletion derivative in 
PD(-)- infected plants may be to restore or partially re- 
store cell-to-cell movement. The 3' boundary of the P- 
domain deletion/inversion lies 52 nucleotides upstream 
from the initiation site for synthesis of the CNV 0.9-kb 
bifunctional sg RNA which encodes a putative movement 
protein (p21) (Rochon and Johnston, 1991) and another 
protein (p20) which may play a role in viral RNA replica- 
tion (Rochon, 1991). Thus, the P-domain deletion may 
partially affect a putative cis-acting element which con- 
trols expression of the p21/p20 sg RNA. In PD(-)  
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FIG. 3. Accumulation of deletion derivatives of CNV CP mutants in transcript-inoculated, systemically infected, and first passage leaves of N.
elevelandii. Total leaf RNA was electrophoresed through a nondenaturing 1% a arose gel and stained with ethidium bromide. The samples chosen 
are representative of the type of result usually obtained with a particular mutant. Mutant inocula used to infect each plant are indicated above 
lanes or pairs of lanes. TT, T7 RNA transcripts of respective cDNA clone; M, mock-inoculated leaf; t, transcript-inoculated leaf; s, systemically 
infected leaf; 1, first passage leaf. The sharp faintly staining bands above genomic RNA bands likely correspond to genomic dsRNA forms. The 
approximate sizes of wild type, PD(-), and CP(-) transcript RNAs are 4.7, 4.4, and 3.6 kb, respectively. 
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cP ~ p21/p20 
sg PRO I - sg PRO | 
WT ~ AUG - 1137 nt - UAA 
I I J 
2606 2627 3766 3784 
~,N3 ~ GCCCCACAAAC ~ (& 1027 nt) 
I I 
2606 2676 3715 3784 
cP(-) ~ ACAATAACGTCG ~ (& 1076 nt)* 
- - - - i  I I = 
2606 2649 3409 3784 
NM2 ~ AACACAAATTAGG ~ (&1148nt) 
I I I 
2606 2615 3775 3784 
FIG. 4. Junction sequences of selected CNV CP deletion derivatives. 
The start and stop codons as well as the size of the WT CNV CP gene 
are shown. The positions of the indicated nuoleotides on the CNV 
genome are shown below each sequence. The hatched boxes repre- 
sent the putative promoters for the CP and p21/p20 sgRNAs with the 
nucleotide positions of the respective transcription start sites indicated 
below the horizontal arrows. The vertical arrows indicate the potential 
junction sites for each CP deletion derivative based on sequence analy- 
sis of RT-PCR products obtained from infected leaves. The actual junc- 
tion sites could not be unambiguously determined since the same 
nucieotide was present at the left and right borders. The number of 
nucleotides deleted from the CNV genome is indicated in parentheses 
1o the right of each CP deletion derivative, *The indicated size of the 
0P(-) deletion derivative produced from PD(-) in planta includes the 
initial 316 nucleotide deletion in PD(-) from nucleotide positions 3417- 
3733 and the data were obtained from McLean et aL (1993). 
(McLean et aL, 1993) and OPPx infections, reversion to 
wild-type-sized lesions were observed following sap in- 
oculation. In addition, sequence analysis of the PD(-) 
deletion derivative, CP(-), (McLean etaL, 1993; see also 
Fig. &this paper), showed that nearly the entire CP gene 
had been deleted such that the p21/p20 mRNA coding 
sequences and putative core promoter elements are now 
proximal to the CP putative core promoter elements. 
Such an arrangement of sequence may enable p21/p20 
sg RNA synthesis from elements of the CP promoter. The 
levels of p21/p20 sg RNA were compared in PD(-)- and 
0P(-)-inoculated protoplasts to determine if the CP(-) 
deletion derivative is selectively amplified in plants due 
to a more efficient p21/p20 sg RNA promoter. Northern 
bl0t analysis of RNA extracted from infected protoplasts 
showed that the levels of p21/p20 sg RNA were approxi- 
mately equivalent in inoculated protoplasts (Fig. 5A). In 
addition, dramatic differences were still not apparent 
after analysis of several time points (12, 24, and 48 hr 
p0stinoculation) in both N. clevelandii and cucumber pro- 
t0plasts (data not shown). Primer extension analysis of 
0P(-)-infected leaf RNA showed that initiation of p21/ 
p20 sg RNA was precisely at the same location that 
occurs in wild-type infections [Fig. 5B; see Rochon and 
Johnston (1991) for WT p21/p20 sg RNA start site]. To- 
gether, these results rule out the possibility that the 
PD(-) deletion mutation significantly reduces the level of 
p21 movement protein by affecting sg RNA accumulation. 
Other possible reasons for the increased competitive- 
ness of the deletion derivatives will be discussed. 
DISCUSSION 
The inability to detect virus or virus-like particles in 
infections by any P-domain mutant of the CNV CP ana- 
lyzed suggests that the P domain is required for particle 
formation and/or stability. The P domains of turnip crinkle 
carmovirus and red clover necrotic mosaic dianthovirus 
have also been suggested to be required for particle 
formation since virions were not detected in plants in- 
fected with CP P-domain mutants (Heaton et aL, 1991; 
Xiong et al., 1993). However, in these studies OP subunit 
was not detected in leaf extracts of mutant infected 
plants, so it cannot be ruled out that particles would 
form if the CP subunit were present. In the case of CNV, 
particles were not observed even when CP subunit could 
be detected in infected leaf tissue (Fig. 2). Thus, the 
apparent lack of particle formation/stability with CNV P- 
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FIG. 5. Analysis of p21/p20 sg RNAs in inoculated protoplast and 
infected plants. (A) Northern blot analysis of infected protoplasts. RNA 
was extracted from mock-inoculated (M) protoplasts or protoplasts in- 
fected with VVT, PD(-), or CP(-) transcripts 48 hr postinfection. RNA 
was denatured, electrophoresed through a 1% agarose gel, and then 
blotted and probed with a 32p-labeled nick-translated DNA. The loca- 
tions of the genomic RNA, CP sg RNA, and p21/p20 sg RNA are indi- 
cated. (B) Primer extension analysis of RNA extracted from OP(-)- 
infected leaves. The CP and p21/p20 sg RNA start points are indicated. 
A sequencing gel using the same primer and CP(-) plasmid DNA is 
shown parallel to the primer extension. PE, primer extension; ACGT 
corresponds to the dideoxynucleotide used in the sequencing reaction. 
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domain mutants would appear to be related to the lack 
of essential P-domain sequences. 
Our inability to detect virus particles in P-domain mu- 
tant-infected plants may be due to the inability of P-do- 
mainless subunit to assemble into particles and/or the 
inability of P-domainless protein to maintain a stable 
structure once formed. In analogy to turnip crinkle car- 
movirus, the assembly of tombusviruses may occur 
through the formation of CP dimers, whose interactions 
may be stabilized by P-domain contacts (Harrison, 1983). 
Therefore, the absence of particles in infected leaves 
would be due to the inability of P-domainless CP to as- 
semble. 
The three-dimensional structure of TBSV predicts that 
many polar groups and salt bridges participate in inter- 
subunit P-domain/P-domain contacts (Olson eta/., 1983). 
Two such contacts are those between TBSV Asn384 and 
Arg277 and between Arg319 and the terminal carboxyl 
group (Leu387) of the adjacent subunit. Based on align- 
ments between several tombus- and oarmovirus coat 
proteins (Rochon eta/., 1991; D. Rochon, unpublished 
observations), TBSV residues Asn384, Arg277, Arg319, 
and Leu387 correspond to CNV residues Gin377, Arg269, 
Asn311, and Va1380, respectively. Thus CNV residue 
pairs GIn377/Arg269 and Asn311/Va1380 may normally 
stabilize CNV P-domain contacts. The absence of Gin377 
and Va1380 in CNV mutant CK2 may explain why this 
frameshift mutant, which lacks only 12 CNV amino acids 
at the carboxy-terminal region of the CNV P domain, and 
whose CP accumulates to high levels in infected plants 
(see above), is incapable of forming particles. 
All CNV CP mutants analyzed, including CP(-), were 
capable of producing systemic symptoms in N. c/eve- 
landiL However, the onset of symptoms was invariably 
delayed relative to wild-type infections and "oak leaf" 
necrosis was produced rather than the basal necrosis 
typical of wild-type CNV infections. The delay in systemic 
movement reported here for CP(-) is different than the 
wild-type rate of movement reported for CP(-) by 
McLean eta/. (1993). It is possible that greenhouse or 
inoculation conditions are responsible for the discrepan- 
cies in the described results. However, in view of the 
number of inoculations conducted for CP(-) in this study 
(13) combined with those of the other CP mutants (123), 
we believe that delayed systemic movement should be 
viewed as a feature of CNV coat proteinless mutant infec- 
tions. 
The generation of CP deletion derivatives in CP mu- 
tant-infected plants may occur in a manner similar to that 
which generates defective interfering (DI) RNAs. CNV 
laboratory cultures contain DI RNAs (Finnen and Rochon, 
1993) and CNV DI RNAs can be generated de novo from 
wild-type and p20 mutant synthetic transcripts (Rochon, 
1991). Analysis of the sequences surrounding the junc- 
tions of three CP deletion derivatives arising de novo 
from three different CP mutant inocula (see Fig. 4) did 
not reveal any obvious sequence homologies and thus, 
as has been suggested for TBSV-Ch DI RNA generation 
(White and Morris, 1994), the recombination process 
which gives rise to CNV CP deletion derivatives may 
occur in a nonhomologous fashion. In addition, inspec- 
tion of the deletion derivatives produced by some CP 
mutants on agarose gels occasionally revealed a spec- 
trum of different-sized RNA bands prior to the emergence 
of a predominant band upon transfer of the inoculum 
(see for example, AVPD1 in Fig. 3). This suggests that 
the final CP deletion derivative may have arisen in a step- 
wise fashion from inoculum RNA as has been suggested 
for TBSV-Ch DI RNA evolution (White and Morris, 1994). 
Factors which contribute to the competitiveness of a par- 
ticular deletion derivative over that of the input inoculum 
or other deletion derivatives are discussed below. 
One possible basis for the preferential accumulation 
of CP deletion derivatives in P-domain mutant inoculated 
plants may lie, at least partially, in the fact that these 
RNAs are smaller and therefore have a greater inherent 
ability to replicate. Such an explanation was previously 
suggested for the CNV PD(-) deletion derivatives 
(McLean et aL, 1993). However, the work presented in 
this study would suggest that this cannot be the sole 
basis for the selective accumulation of CP deletion deriv- 
atives since the frequency with which CP mutants accu- 
mulate deletions is different depending on the origin and 
nature of the mutation (see also below). The results in 
Fig. 5A show that PD(-) RNA does not detectably delete 
in inoculated protoplasts, suggesting that the selection 
pressure for the preferential accumulation of PD(-) dele- 
tion derivatives in whole plants lies at the level of cell- 
to-cell movement rather than RNA replication. This inter- 
pretation is consistent with our observation that PD(-) 
transcript-inoculated plants show a small lesion pheno- 
type which is replaced by wild-type lesion size in sap- 
inoculated and CP(-)-inoculated plants. However, the 
levels of p21/p20 sg RNA are similar in wild-type-, 
PD(-)-, and CP(-)-infected protoplasts, demonstrating 
that restoration of subgenomic promoter activity is not 
the basis for the in planta deletions. It remains to be 
determined if the prominent deleted CP sg RNA observed 
in CP(-)-infected protoplasts (Fig. 5A) can serve as an 
efficient template for the production of p21 providing a 
translational basis for the selection of CP deletion deriva- 
tives in P-domain mutant-infected plants. 
The protoplast studies in Fig. 5 show that levels of 
p21/p20 sg RNA are approximately equivalent in wild- 
type, PD(-), and CP(-) infections. In addition, the primer 
extension studies (Fig. 5B) show that initiation of p21/ 
p20 sg RNA synthesis is precise. These observations 
suggest that the p21/p20 sg RNA promoter is fully intact 
and that it lies within the 52 nucleotide long region be- 
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tween the 3' border  of the CP( - ) /PD( - )  de let ion and the 
p21/p20 sg RNA start site. 
A striking corre lat ion exists between the locat ion of a 
particular CP mutat ion and the accumulat ion  of CP dele-  
tion derivatives in infected plants; P -domain  mutants  con- 
sistently produce CP de let ion der ivat ives in infected 
plants, whereas, S -domain  mutants  rarely do. This point  
is perhaps best i l lustrated by examinat ion  of CP mutants  
which originate f rom the Bgll l  and Xhol  restr ict ion en- 
zyme sites which c lose ly  f lank the cod ing  sequence  sur- 
rounding the CNV S /P -domain  boundary  (Fig. 1). 
Frameshift mutants  wh ich  or ig inate  at the Bgll l  site 
(BGK6 and BGM6) in the S -domain  cod ing  sequence  
rarely produce CP de let ion der ivat ives,  whereas ,  those  
that originate at the Xhol  site in the P domain  (NK3 and 
NM2) invariably do. This suggests  that  express ion  of a 
complete S domain  (along wi th  the R domain  and arm 
regions) in the absence  of a funct ional  P domain  may 
actually be deleter ious to the infect ion cycle. Amino  ac ids  
of the TBSV R domain  and the inward  fac ing por t ions  of 
the S domain are bel ieved to have an RNA b inding func- 
tion (Harrison, 1983), ra is ing the poss ib i l i ty  that P-do- 
mainless shell protein or shell  protein complexes  can 
sequester viral RNA into a nonfunct ional  state. The rare 
accumulation of de let ion der ivat ives  in CNV S -domain  
mutant infections is cons is tent  with the lack of reports  
of such deletions accumulat ing  in infect ions by S -domain  
mutants of two other  tombusv i ruses ,  TBSV-Ch (Scholthof  
etaL, 1993) and cymbid ium r ingspot  (Da lmay et aL, 1992). 
In summary, we  bel ieve that  nonhomologous  recombi -  
nation is the mechan ism wh ich  gives rise to CNV CP 
deletion derivatives and that  one or more  factors  contr ib-  
ute to the preferential  accumulat ion  of these  de let ion  
derivatives for a given P-domain  mutant= (a) CP de let ion 
derivatives are smal le r  and therefore  should  have a repli-  
cative advantage over  precursor  RNA molecu les ;  (b) CP 
deletion derivatives no longer  express  a de le ter ious  P- 
domainless shell protein; and (c) in the case  of the P- 
domain deletion and invers ion mutants,  the de let ion de- 
rivatives have a greater  capac i ty  for cel l - to-cel l  spread.  
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